Air Qual Atmos Health
DOI 10.1007/s11869-017-0492-x

Regulation of fine particulate matter (PM2.5) in the Pacific Rim:
perspectives from the APRU Global Health Program
Chang-Fu Wu 1 & Alistair Woodward 2 & Ya-Ru Li 1 & Haidong Kan 3 &
Rajasekhar Balasubramanian 4 & Mohd Talib Latif 5 & Mazrura Sahani 6 &
Tsun-Jen Cheng 7 & Chia-Pin Chio 7 & Nutta Taneepanichskul 8 & Ho Kim 9 &
Chang-Chuan Chan 7,10 & Seung-Muk Yi 9 & Mellissa Withers 11 & Jonathan Samet 11

Received: 17 March 2017 / Accepted: 28 June 2017
# Springer Science+Business Media B.V. 2017

Abstract While the development of evidence-based air quality standards for airborne particulate matter (PM) for Europe
and North America is well-documented, the standard-setting
processes in other regions are less well characterized. Many
Pacific Rim economies suffer from severe and worsening air
pollution. Particulate matter less than 2.5 μm in aerodynamic
diameter (PM2.5) is associated with acute and chronic health
effects and is a widely used air quality indicator. This
paper reports on PM regulation in selected Pacific Rim
economies, focusing on PM2.5, and provides recommendations on air quality regulation to economies without
current standards Through workshops held by the
Association of Pacific Rim Universities (APRU)
Global Health Program, experts in air pollution from
eight universities in eight Pacific Rim economies characterized current PM 2.5 standards and monitoring in
their economies, and then collaboratively created recommendations. A great diversity of air pollution exposures

exists in the Pacific Rim. While some economies experience low levels of exposure, others have PM levels
that are among the highest in the world. The health
effects of air pollution are a concern everywhere, but
few economies carry out in-depth, local impact assessments and comprehensive air quality monitoring to provide evidence for guidelines and standards. The development of regulations and policies addressing PM2.5
pollution is urgently needed in many Pacific Rim economies. The international literature provides a robust
guide to local risks and should be used, in combination
with country-specific population-directed air monitoring,
to guide decisions on policies addressing this important
global health problem.
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Introduction
Air pollution is a major public health problem contributing to
morbidity and premature mortality around the world (Global
Burden of Disease Study 2013 Collaborators, 2015). Across
the twentieth century through the 1960s and 1970s, many of
the highly industrialized economies experienced air pollution
disasters that provided clear evidence of the adverse health
consequences of air pollution. One of the most dramatic was
the London Fog of 1952, which resulted in 10,000 or more
deaths in 1 week (Bachmann 2007; Logan 1953). These episodes motivated research programs on air pollution and health
as well as monitoring of the major pollutants to track air quality. As a result, substantial evidence has now accumulated on
the health effects of air pollution, including the major pollutants in the complex air pollution mixtures that affect public
health: particulate matter (PM), ozone, carbon monoxide, nitrogen oxides, and sulfur oxides. Of these pollutants, PM2.5 is
mostly widely monitored because of its diverse environmental
and health impacts, its emission as primary particles from a
range of sources, and its atmospheric origin as secondary particles through complex chemical transformations.
Additionally, the literature on air pollution and health is most
robust for PM2.5, among the major pollutants.
Regulations for managing air quality have now been implemented in many middle- and high-income economies, and
improvements in air quality have followed. However, air pollution remains a global public health problem with many
economies still experiencing outdoor levels well above international guidelines, while indoor sources, particularly biomass fuel burning, also continues as a significant health issue.
This paper focuses on outdoor air pollution, which is generally
regulated in most economies. Recognizing the importance of
air pollution, the World Health Organization (WHO) has developed air quality guidelines, first in 1987 with subsequent
updates in 1997 and 2006 (World Health Organization and
Regional Office for Europe 1987, 2000; World Health
Organization 2006). While the first two sets of guidelines
were oriented toward European economies, the 2006 guidelines were intended to reach globally. In order to offer globally
appropriate values, the 2006 edition included not only guidelines but three interim targets (IT) for economies with more
severe air pollution so as to provide attainable and progressive
goals for air quality management. For PM2.5, the annual average IT-1, IT-2, IT-3, and guideline levels are 35, 25, 15, and
10 μg/m3, respectively. Because the PM2.5 guideline does not
address coarse fraction PM (PM10–2.5), the WHO guidelines
also offer interim targets for respirable PM (PM10) using a
PM2.5/PM10 ratio of 0.5 (World Health Organization 2006).
Some nations have developed their own standards. The
USA, for example, has established mandated ambient concentration limits, known as the National Ambient Air Quality
Standards (NAAQS), to regulate PM and five other pollutants

(U.S. Environmental Protection Agency 1990). These
evidence-based standards are legally enforceable and are developed through an extensive process of literature synthesis,
exposure and risk assessment, and policy analysis. Over time,
the NAAQS have become increasingly stringent as the scientific evidence on the health effects of air pollution has
strengthened and research has shown persistent adverse effects, even as concentrations have dropped (Samet 2011).
The first PM NAAQS, set in 1971, was based on mass concentration of total suspended PM. In 1987, the PM NAAQS
used PM10 as the indicator, and in 1997, the first PM2.5 standards were adopted, and since then they have been revised
twice (2006 and 2012).
While the development of evidence-based air quality standards for PM and other pollutants for economies of Europe
and North America is well-documented, the standard-setting
processes implemented in other parts of the world are less well
characterized. Many rapidly developing economies of the
Pacific Rim, particularly those in Asia, are suffering from
severe and worsening air pollution problems, such that the
largest health burden from air pollution is in these areas
(Chung et al. 2011; Lelieveld et al. 2015; Brauer et al. 2016;
Brook et al. 2016). The status of air quality regulation in these
economies is a critical global health issue. For example,
among the economies in Southeast Asia (Philippines,
Vietnam, Cambodia, Thailand, Malaysia, Singapore, Brunei,
and Indonesia), ambient air pollution is estimated to contribute
to 216,345 deaths in 2015 (Global Burden of Disease Study
2013 Collaborators, 2015). However, only Thailand,
Malaysia, and Singapore have a national PM2.5 standard.
The objective of this paper is to provide a comparison of
PM regulation in selected economies of the Pacific Rim, giving emphasis to the status of PM2.5 regulation, and to make
suggestions with regard to guidelines for economies without
PM2.5 or other PM standards.

Methods
Workshops on this topic were organized by the Association of
Pacific Rim University’s (APRU) Global Health Program in
2014 and 2015. The APRU is an organization that includes 45
leading research universities around the Pacific Rim. Its
Global Health Program brings together faculty from APRU
institutions who are engaged in global health topics, including
air pollution. The specific goal of these workshops was to
organize key APRU member universities to carry out a collaborative comparison of PM regulation in selected economies
of the Pacific Rim, giving emphasis to the status of PM2.5
regulation. Emphasis was put on sharing experience among
experts from the APRU economies and providing technical
advice to economies without PM2.5 or other PM standards.
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Table 1

Participating APRU economies and member universities

Country

Participating APRU member university

China

Fudan University

South Korea

Seoul National University

Malaysia
New Zealand

Universiti Kebangsaan Malaysia
University of Auckland

Singapore
Taiwan

National University of Singapore
National Taiwan University

Thailand

Chulalongkorn University

USA

University of Southern California

measured ambient levels of both PM2.5 and PM10. The betaray method is the most commonly used monitoring technique,
with several other methods also in use (TEOM, for example).
Other air pollutants monitored concurrently with PM included
CO, NO2, O3, and SO2. Figure 1 presents the distributions of
the PM2.5 concentrations for each country and its largest city,
as available. In 2013, annual average levels of PM2.5 were
below 50 μg/m3 for all economies and cities except China
and Shanghai. Figure 2 presents the results for PM10. Most
economies and cities recorded mean annual PM10 concentrations at around 50 μg/m3.
Domestic research intercomparison

As noted in Table 1, representatives from eight universities,
representing eight different APRU economies, participated in
these workshops and in several follow-up teleconferences and
on the iterative process of manuscript development. The WHO
has made similar estimates (World Health Organization 2016).
Prior to the first workshop, participants were asked to prepare a
profile describing current PM standards, the routine air pollution monitoring networks, and the health research in their
economies. The profiles were presented, and topics pertaining
to setting PM2.5 standards were discussed. The following four
questions led the discussions: (1) Do we always need local or
nation-specific monitoring before setting standards? (2) Is local
evidence on risks to health needed to support standard setting or
is international evidence sufficient? (3) Is there any priority for
data gathering and local research (monitoring network, epidemiology studies, and toxicology studies)? (4) For economies
without PM2.5 standards, what can be done to facilitate the
development of their own national standards?
A follow-up questionnaire, completed after the first workshop, was used to obtain information on current concentrations of PM2.5, scientific publications based on research directed at local exposure and health data, and the air quality
management systems of the economies. This article presents
the final report incorporating input from the workshop participants to provide recommendations for setting PM2.5 standards in economies of the Pacific Rim.

Results
Air quality intercomparison
Monitoring of pollution is essential for assessing population
exposure and estimating the associated risks in order to guide
local authorities in establishing plans for improving air quality. Table 2 summarizes the number of routine PM monitoring
sites and the current monitoring techniques for each participating co-author’s country. Data were generally reported for
both the whole nation and the most populous city in each
country. In 2013, almost all participating economies routinely

Quantitative information on the relationships between air concentrations and the associated health effects (i.e., the doseresponse curve) serves as a basis for specifying the concentration limits on air pollution. Information at the national level
may be most relevant and credible for decision-making, but
there is an increasingly robust body of evidence globally. As
an indicator of the research enterprise within each country, a
simple citation count was used. The workshop participants decided that, although carrying out a systematic review was not
feasible, the number of publications was a useful and readily
available indicator reflecting the scope of air pollution and
health research for each participating country. Accordingly,
each co-author carried out a PubMed database search for articles published from 1972 to 2013 for their economies using the
following terms: (Bair pollution^ OR Bparticulate matter^ OR
Bair quality^) AND (Bepidemiology^ OR Bexposure^ OR
Bmonitoring^ OR Btoxicology^ OR Bhealth effect^) AND
(country name). Figure 3 displays the number of air pollution
health studies published by each country over the past four
decades. For each country, the scope of in-country research is
growing, most notably over the past 20 years.
Standard setting intercomparison
Motivated by the health risks posed by PM pollution, several
APRU economies have attempted to regulate PM in order to
protect public health and the environment. The indicator for
some economies has been PM10, but increasingly regulators
are focusing on PM2.5 as the indicator. Table 3 summarizes
the PM2.5 standards in each country, including concentration
levels set by regulation, year implemented, and year expected to meet standards. To date, China, South Korea,
Singapore, Taiwan, Thailand, Malaysia, and USA have set
their own enforceable PM2.5 standards. New Zealand has
adopted WHO long-term (annual) guideline values, is monitoring ambient levels of PM2.5 in three major cities, and is
presently reviewing the relevant indicators for its regulatory
framework. Each co-author was further asked to describe the
PM2.5 standard setting/review process, if available, in their
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Table 2

Number of PM monitoring sites active in 2013 and associated monitoring techniques by economy or metropolis

Country

Most populous Area
metropolis
(km2)

Populationa PM2.5
(million)
Number of
routine
monitoring
site

China

(National)
Shanghai

6340

24.00

9.

South
Korea

(National)

100,210

49

54b

Seoul

605

(National)

329,847

Malaysia

New
Zealand

9,600,000 1360.00

Taiwan

Thailand

USA

Main monitoring
technique

Number of
routine
monitoring
site

Main monitoring
technique

9.8

25b

28.33

11

Kuala Lumpur 243

1.60

2

(National)

267,710

4.47

7

Beta attenuation

54

Beta attenuation

NO2, SO2, O3

Auckland

1086

1.41

5

Beta attenuation

11

Beta attenuation

5.39

21

TEOM/beta
attenuation

21

23.37

79

79

6.63

18

18

Beta attenuation

64.79

8

65

2
3, 980

Beta
attenuation/TEOM
Beta
attenuation/TEOM
Gravimetric

O3, SO2, CO,
NO2

5.69

Gravimetric/beta
attenuation
Gravimetric/beta
attenuation
Gravimetric/beta
attenuation
Gravimetric/beta
attenuation
Gravimetric

TEOM/beta
radiation/gravimetric
Beta attenuation

CO, NO2, SO2,
O3, benzene,
lead
SO2, O3, CO,
NO2

9

TEOM/gravimetric

TEOM/gravimetric

SO2, NO2, NO,
SO4, NO3, Pb

(National)

36,193

Taipei

2324

(National)

513,120

Bangkok

1569

(National)

9833, 517

New York City 1213

316.5
8.4

16
700
17

TEOM/beta
attenuation
TEOM
Beta attenuation

Other criteria
pollutants
monitored in
2013

TEOM/beta
1436.
attenuation
TEOM
9.
Gravimetric/beta
257b
attenuation
Gravimetric/beta
25b
attenuation
Beta
90
attenuation/light
scattering
Gravimetric
8

Singapore (National/City) 717

505

PM10

Beta attenuation
TEOM/beta
attenuation/gravimetric
TEOM/beta
attenuation/gravimetric

O3, SO2, CO,
NO2
O3, SO2, CO,
NO2
O3, SO2, CO,
NO2
O3, SO2, CO,
NO2

O3, SO2, CO,
NO2

TEOM tapered element oscillating microbalance
a

Mid-2013

b

Exclude near-road stations
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Fig. 1 Mean (triangle), median (line), interquartile range (box), and 95th–5th percentile (whisker) of annual PM2.5 concentrations in 2013 in selected
economies (left) and metropolises (right)
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Fig. 2 Mean (triangle), median (line), interquartile range (box), and 95th–5th percentile (whisker) of annual PM10 concentrations in 2013 in selected
economies (left) and metropolises (right)

economies (China, Malaysia, New Zealand, Singapore,
South Korea, Taiwan, Thailand, and the USA).

China
China formulated national standards on the basis of the WHO
guidelines. Namely, the first-class limit of PM2.5 corresponds
to the IT-3, and the second-class limit corresponds to the IT-1
(Table 3). As for the review process, the Chinese Research
Academy of Environmental Sciences first summarized the
characteristics of air pollution in China, and then compared
current standards in China with those in other large economies
and with the WHO Air Quality Guidelines. After this comparison, the revisions to the standard were made.

The committee was chaired by the NEA with representatives
from various stakeholders in the public sector and institutions
of higher education. The committee completed its work in
July 2011, and its recommendations were based on the assessment that the World Health Organization Air Quality Guideline
(WHO AQGs) are internationally recognized and rigorous as
they are backed by scientific findings and health studies. The
committee also advised that NEA work toward achieving the
WHO AQGs for all air pollutants in the long term. The
Ministry of Environment and Water Resources (MEWR), together with NEA, reviewed the recommendations of the Advisory
Committee and the Sustainable Singapore Blueprint (SSB) commitments launched in 2009 to achieve an annual mean of 12 μg/
m3 of PM2.5 by 2020 and has worked with relevant government
agencies and various stakeholders to arrive at a set of revised
national air quality targets pegged to the WHO AQGs.

Singapore
Taiwan
The national environment agency (NEA) formed the Advisory
Committee on Ambient Air quality in July 2010 to advise on a
set of air quality targets for Singapore to safeguard public health.

Taiwan first adopted PM2.5 standards in 2012, using the standard setting process illustrated in Fig. 4. From 2008, the Air
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Fig. 3 Number of annual published studies pertaining to health effects of air pollution by economy, 1972–2013
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Table 3 Current laws or standards for regulating PM2.5 pollution by
economy
Country

Type

Avg.
time

Level Year
(μg/ implemented
m3)

China

First-classa

24-h

35

–

–

N/A
Key cities
before 2016; 2030
nationwide
N/A
after 2016
2030
2015.1.1g
2011.04.28g
g
2011.04.28
2015.1.1g
Interim target 1 2020
(IT-1) of
75 μg/m3 in
2015;
interim target
2 (IT-2) of
50 μg/m3 in
2018
IT-1 of
2020
35 μg/m3 in
2015; IT-2 of
25 μg/m3 in
2018
–

24-h

25

2015

2020

Annual 10
24-h
35
Annual 15

2015
2012.5.14
2012.5.14

2020
2020f

24-h
50
Annual 25
24-h
35

–
–
2006.10.17

N/A
N/A
N/A

Annual 15

Second-classb

75

First-class
Second-class

Annual 15
35

South
Korea

–

Malaysia

–

24-h
50
Annual 25
24-h
35

Annual 15

–
New
Zealand
Singapore –
Taiwan

–

Year
expected
to meet
standard

Thailand

–

USA

Primaryc and
Secondaryd
Primary
Annual 12

2013.1.15

N/A

Secondary

1997.7.18

N/A

a

Applies to natural conservation area and landscape resort

b

Applies to area of residency, commerce, culture, industry, and the
countryside
c

Designed to protect public health (health based)

d

Designed to protect public welfare (environment based)

e

Ministry for the Environment and Statistics New Zealand (2014). New
Zealand’s Environmental Reporting Series: 2014 Air domain report.
www.mfe.govt.nz

Fig. 4 National PM2.5 air quality standard setting process in Taiwan

effects as well as regulations in high-income economies
(e.g., the USA and Japan). In parallel with the review process,
the NTU team conducted an extensive country-wide risk assessment to evaluate the potential threshold level above which
health effects substantially occur. A decision document incorporating results of the review and assessment was released for
review in December 2011. The document underwent intensive
review by the scientific, environmental, and medical community in a series of workshops. Revisions were made to ensure
that the document contains the information needed by TEPA
for setting standards. Based on the finalized document,
TEPA reached a decision on the standards and proposed
the regulation in the TEPA Preview Register. Subsequent
to the preview, a series of public meetings were held to
solicit public comments. After considering all the public
comments and incorporating new information in the proposal, the regulatory decision was finalized and promulgated on May 4, 2012.

f

PM2.5 regulation, Taiwan EPA. http://air.epa.gov.tw/Public/suspended_
particles.aspx#t4 (in mandarin)

g

The USA

Ministry of Environment Korea. www.me.go.kr/home

Pollution Control Act requires the Taiwan Environmental
Protection Administration (TEPA) to set national standards
for PM2.5. Thus, TEPA authorized a multidisciplinary research
team led by National Taiwan University (NTU) to review all
the scientific information concerning PM2.5 and its health

The USA sets its National Ambient Air Quality Standards
(NAAQS) through a lengthy, multistage process that takes
place on a 5-year cycle (Fig. 5). The process begins with a
comprehensive review of evidence accumulated since the last
revision; a document (the Integrated Science Assessment or
ISA) is developed that compiles and evaluates the evidence
related to exposure, health effects, and welfare effects. See the
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Fig. 5 US National Ambient Air
Quality Standards (NAAQS),
2009. Source: USEPA integrated
review plan for the ozone national
ambient air quality standards.
Research Triangle Park, North
Carolina, 2011 (Figure 1)

2009 Integrated science assessment for particulate matter and
ozone report from EPA (U.S. Environmental Protection
Agency 2009, 2013). The strength of evidence for causation of
adverse effects is classified for each outcome using a standardized classification schema. A second document, the Risk and
Exposure Analysis (REA), describes patterns of exposure and
associated health effects under the actual circumstances and under those that would follow various scenarios of air quality regulation. Together, the ISA and REA are the foundation for a third
document, the Policy Analysis (PA), which provides guidance to
the Administrator of the Environmental Protection Agency as
options for revisions of the NAAQS are considered. The
Executive Branch of the government is also involved in the
process through the Office of Management and Budget, which
examines regulatory issues. Throughout the process, there are
points designated for scientific review and stakeholder input.

Malaysia
Beginning in early 2012, the Malaysian Department of
Environment (DOE) engaged a multidisciplinary team of experts on various aspects of atmospheric science from the
country’s universities and other research institutes, the government, non-govermental organizations, and the private sector to
review and revise the existing Malaysia Ambient Air Quality
Guideline of 1989. The new Malaysia Ambient Air Quality
standard was established in 2014 with introduction of PM2.5
as an indicator (Table 3) in addition to existing parameters

(PM10, CO, SO2, NO2, and ground-level O3). These national
standards were designed to protect the public health and were
based on the WHO guidelines; the plan is to progressively
strengthen the standards moving from IT-1 in 2015, to IT-2 in
2018, and to IT-3 in 2020. The standard concentrations for
PM2.5 in 2020 will be 15 and 35 μg/m3 for annual and 24-h
averaging times, respectively, which are the current NAAQS of
the US Environmental Protection Agency (USEPA).

Summary
This review of the four selected economies of APRU members highlights a variety of approaches to setting air quality
standards, ranging from having minimal processes in place to
the intensive evidence-based approach used by the US
Environmental Protection Agency. The WHO Air Quality
Guidelines provide a documented set of values that have been
tiered in order to accommodate differing national situations.

Setting national standards
In addition to the comparisons among economies, the participants addressed several critical issues to be considered for the
management of PM2.5 and ambient air quality generally. Also,
they provided recommendations for setting national standards
in economies of the Pacific Rim based on the four discussion
questions. Their collective responses are summarized below.
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Do we always need local or country-specific
monitoring before setting standards?
Substantial resources are needed to collect high-quality, valid,
and credible data for decision-making and also to support
research. For economies lacking monitoring networks, even
in major metropolitan areas, there may be readily visible indications of high levels of air pollution, e.g., visible smoke and
high-polluting diesel vehicles or perhaps fragmentary data
from research studies. Modeled data from international activities (e.g., WHO) also can serve as a source of first approximation. Nevertheless, we urge a minimum level of local air
quality monitoring as the basis for standard setting, at the least
in the most populated cities so that the severity of air pollution
can be benchmarked against the WHO guidelines and a baseline established for tracking purposes. Implementation of
monitoring also supports the conduct of epidemiological research in order to generate direct local evidence. A lack of
monitoring data is only a short-term barrier to air quality regulation, but filling the gap of not having monitoring data does
represent a key first step toward improving urban air quality.
Such data are also needed to periodically refine the standards,
assuring that the present regulation is providing efficient protection of public health.
Local conditions will influence the priority given by health
authorities to monitoring and improving air quality, the pollutants that are measured, and the guideline values that are
most relevant. For example, without heavy industry, or large
concentrations of population, the character and magnitude of
air pollution in the Pacific islands are different from patterns
seen in the USA, China, India, and much of the Pacific Rim
(Ministry for the Environment and Statistics New Zealand
2015). This difference has led to debate about the relevance
of air quality standards such as those proposed by the WHO
and US bodies. In the islands, the mix of air pollutants, their
composition, and the patterns of exposure tend to be rather
different to what is experienced in continental areas. For instance, PM levels in New Zealand are strongly influenced by
short-term seasonal influences such as temperature inversions
and the use of open fires and wood burners for home heating.
As a consequence, emissions and levels of pollution are highly
variable, and tend to be concentrated in the winter. To monitor
and control these events, the government has emphasized
short-term (24-h) standards, in place of annual averages
(which tend to be low almost everywhere). It is not clear
whether this is the right approach from a health outcomes
point of view. Short-lived peaks in air pollution are certainly
associated with increased rates of acute respiratory illnesses,
but long-term averages, even at low levels, are significant to
health as well (New Zealand Parliamentary Commissioner for
the Environment 2015). A cohort study based on record linkage between the New Zealand census and mortality records
found a similar dose-response relation between long-term

average PM10 levels and all-cause excess deaths as those reported in the US and Europe (Hales et al. 2012).

Is local evidence on risks to health needed to support
standard setting or is international evidence
sufficient?
Since significant health risks of PM2.5 have already been welldocumented in numerous scientific publications and various
reviews and authoritative reports, the need for studies at the
local and national levels merits careful consideration within a
context set by the levels and characteristics of the local air
pollution situation. The generalizability of the broad global
evidence to a particular national or local context depends on
the local air pollution sources and characteristics of the PM, as
well as factors that influence susceptibility of the population,
such as the prevalence of underlying chronic lung and cardiovascular disease. While there may be uncertainty concerning
the relevance of the global body of evidence to a particular
population, the precautionary approach is a must, notably for
economies with severe air pollution problems. A lack of
health evidence should not become a rationale for not moving
forward with air quality regulation and management. For
economies lacking an evidenced base on health risks, the
WHO guideline values can be used as a basis to develop local
or national standards.
Nevertheless, there may be a need for local evidence to
convince decision-makers that air quality management is critical for protecting public health and also to address the local
relevance of external evidence. What types of studies might be
done? Time-series studies of mortality and morbidity outcomes can be executed on a relatively short-term basis, if the
necessary pollution and health data are available. Protocols
have been developed for this purpose, and substantial comparison data are available. For example, in its PAPA project,
the US-based Health Effects Institute arranged a collaborative
group of investigators to carry out time-series studies using a
common protocol (HEI Public Health and Air Pollution in
Asia Program. Public health and Air Pollution in Asia
(PAPA) 2010). Cross-sectional surveys, particularly if based
in schools, can also be carried out on time frames of several
years. The utility of such studies depends on having timeseries data and health risk assessment models to estimate exposures of participants with sufficient accuracy. If similar protocols were followed across the region, pooling would be
possible, providing information with regard to potential regional heterogeneity in the risk of air pollution. While cohort
studies of longer-term mortality have been critical for standard
setting and risk assessment, few governments have such studies in place and their implementation requires substantial
resources.
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Is there any priority for data gathering and local
research (monitoring network, epidemiology studies,
and toxicology studies)?
The potential untoward consequences of relying on local evidence on health risks should be considered. Studies may be
underpowered due to small sample sizes, and effect estimates
may be diminished by measurement errors. Due to these and
other sources of artifact, local evidence may not align with the
broader body of evidence, introducing complexities in interpretation and application. Additionally, if local evidence is
generated, a policy structure needs to be in place in order to
incorporate it into the regulatory process.
One potentially useful resource, particularly if local evidence is lacking or limited, is the estimates of attributable
morbidity and premature mortality made by the Institute for
Health Metrics through its Global Burden of Disease (GBD)
Project (http://www.healthdata.org/gbd). The GBD project
provides estimates of the burden of disease and mortality
attributable to ambient air pollution and also to indoor air
pollution from biomass combustion. These estimates are
available on a global, regional, and national basis (Table 4).
The estimates are calculated with a standard methodology that
is grounded in the methods of quantitative risk assessment; a
comparable approach is used in the REA developed by the US
Environmental Protection Agency. Exposure estimates are developed for each country using a model-based approach that
incorporates any available data along with estimates based on
satellite data. Underlying the burden calculation is the assumption of a counterfactual or comparison air pollution scenario, which in reality may not be achievable. In the GBD
calculations, the counterfactual for PM was assigned a uniform distribution bounded by the minimum (5.9 μg/m3 and
33.3 ppb for PM2.5 and ozone, respectively) and fifth percentiles (8.7 μg/m3 and 41.9 ppb) of exposure distributions from
outdoor air pollution cohort studies. The uniform distribution
represents the uncertainty regarding adverse effects of lowlevel exposure (Cohen 2017).
The GBD estimates have some utility for guiding local
decision-making, particularly for providing an estimate of
the burden of disease avoidable through air quality regulation.
We note that the estimates developed by the GBD using a
standardized methodology for all economies may differ from
those developed by national investigators, who may use more
locally refined approaches and reliable data (Lo et al. 2016).
As the study by Lo et al. shows, the burden of disease and
mortality is attributable mostly to ambient air pollution rather
than the combination of both ambient and indoor air pollution
by GBD. The credibility of GBD estimates will be bolstered if
local evidence is available confirming that air pollution harms
public health, but in any case the GBD estimates can be used
in a proportionate fashion to provide an indication of potential
gains if air pollution is reduced.

Table 4 Number of ambient air pollution deaths (in 1000) in
APRU economies, 2015
Region

Economy

Region of the Americas

United States

South-East Asian region Thailand

Western Pacific region

China

Sex

Male

46.6

Female

41.9

Both
Male

88.4
22.9

Female
Both

14.6
37.6

Male

690

Female

418

Both
Malaysia

South Korea

Taiwan

1108

Male

6.27

Female

3.26

Both
New Zealand Male

Singapore

Ambient particulate
matter pollution

Female
Both
Male
Female

9.52
0.322
0.291
0.613
0.881
0.782

Both
Male
Female

1.66
10.0
8.16

Both
Male
Female
Both

18.2
6.83
4.12
10.9

Source: Global Burden of Disease, 2015

For economies without PM2.5 standards, what can be
done to facilitate the development of their own
national standards?
The WHO guideline values can serve as a useful starting point
to facilitate the development of national standards. These
guidelines reflect the current scientific basis for understanding
PM2.5 pollution, including defining adverse health effects, acceptable levels of risk and uncertainty, and vulnerable populations. The 2006 WHO guidelines, however, no longer reflect
the latest evidence, which even more strongly indicates effects
at current levels in comparison to the evidence available
through about 2005. However, in order to move from guidelines to standards, several issues need to be considered. (1) In
addition to the technical aspects, economies are typically
faced with political, economic, social, and cultural challenges
that may complicate and slow the standard-setting process
considerably. We note also that in some instances there are
highly localized and unusual exposures that may warrant
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intervention and therefore require some local flexibility: hydrogen sulfide released from geothermal activity in New
Zealand is an example (Bates et al. 2015). It is suggested that
each country should immediately establish its own standardsetting procedure. The development of the standards might
begin by referring to the regulatory frameworks designed by
other economies, but the details of the involved governmental
agencies and laws, specific local challenges, and stakeholders
need to be reflected in any national approach. The USA has
accumulated extensive experience in setting and revising the
air quality standards. A comprehensive process also has been
developed. Alternatively, the simplified model in Taiwan,
shown in Fig. 4, can also serve as a reference. The standard
setting process should not rely just on governments. Technical
experts can provide relevant scientific findings and advice;
NGOs can serve as a representative of the concerns of the
public and society. Both can play an important role in the
continuing supervision of the government, and possibly in
speeding up the standard-setting and reviewing process.

Conclusions
This paper illustrates the great diversity of exposures to airborne particles around the Pacific Rim and the gaps in the
evidence available. In some cities in the region, levels of
PM2.5 are among the highest in the world; elsewhere, in lightly
populated island states, levels are very low. But the health
effects of particulate air pollution are a concern everywhere,
especially as it becomes apparent that increased risks of premature mortality and morbidity extend down to, and possibly
reach, background levels of PM2.5. Several different approaches to environmental regulations are found in the region.
A few economies are able to carry out in-depth assessments of
local impacts of PM2.5, combined with comprehensive air
quality monitoring, to provide the basis for air quality guidelines and standards. However, most economies lack the resources to develop evidence-based air quality standards, and
must apply research findings from elsewhere to local conditions, often in the presence of no more than rudimentary environmental monitoring.
There is no evidence, in our judgment, that the relation
between exposure to PM2.5 and disease risk varies strongly
from one country to another. Population susceptibility and
pollution mix certainly do influence the attributable burden
of disease, and local studies of health impacts may be important to demonstrate the relevance of air pollution to policy
makers. But regulation should not be put on hold until comprehensive research is undertaken on the health effects of PM
in every country.
The development of policies relating to air pollution regulation need not wait for comprehensive field measurements of
exposures, which may be expensive and delay action on an

important public health problem. In general terms, the international literature provides a robust guide to local risks and
should be used, as the generation of local evidence may require a decade or more. Despite this contraint, every country
should undertake some population-directed air monitoring to
anchor regulation. New sources of information are available to
help guide economies’ decisions on policy, as a complement
to local measures. These sources include national estimates of
health losses due to air pollution provided by the GBD
Project, and satellite-derived air quality measures available
from several international databases. While the satellitederived measures are most accurate for assessment of spatiotemporal distributions of PM in larger geographic areas, their
resolution is insufficient to be informative at the scale of cities.
The WHO Guidelines, presently under review for an update,
also provide a valuable reference point for regulation; however, there must be flexibility to respond to local circumstances.
We have described here a variety of models in the region
for standard setting. Regulations on PM require implementation. In this paper, we have not examined the ways in which
standards and guidelines are put into practice, and we acknowledge that economies vary in terms of their capacity to
implement and enforce standards and reduce emissions.
Future research is needed to identify efficient, scaleable intervention strategies that will provide clean air, protect health,
and promote sustainable social development around the
Pacific Rim. A collaborative, multinational group, like
APRU, would be a useful vehicle for developing a broad
research agenda.
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